1. Introduction {#sec1}
===============

Noninvasive transcranial brain stimulation (NTBS) may modulate cortical excitability, outlasting the period of NTBS itself from several minutes to more than one hour \[[@B1]\]. Transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) are the most commonly used methods of NTBS \[[@B1]\]. Transcranial alternating current stimulation (tACS) is an increasingly popular NTBS technique \[[@B2]\], with the advantage of enabling manipulation and entrainment of intrinsic oscillations through the injection of sinusoidal currents \[[@B3]--[@B5]\]. The transcranial random noise stimulation (tRNS) paradigm was developed with a potential to desynchronize normal and pathological cortical rhythms. The frequency band of tRNS can encompass a full range (typically from 0.1 to 640 Hz) or can be delivered at low (0.1--100 Hz)- or high-frequency (101--640 Hz). The concept of tRNS is to enhance the stochastic dynamics of neurons and thus facilitate the neural processing and the related behavior \[[@B6], [@B7]\] for review see \[[@B8]\].

Until recently, NTBS has been mainly investigated in adults, while studies in children and adolescents are still limited, focusing on TMS and tDCS \[[@B9]\]. Yet, effects in this group are of interest, as they might have accelerated neural plasticity compared to adults after brain stimulation \[[@B10]\]. Therefore, NTBS is expected to have even greater potential to regulate and enhance plasticity in the pediatric population. Indeed, rather than considering it as a small adult brain, a child\'s brain should be considered as a unique physiological entity \[[@B11], [@B12]\]. At the same time, extreme caution is needed while dealing with a developing brain, mainly because of a lack of translational studies from adults to children \[[@B13]\].

In the pediatric population, tRNS has rarely been applied \[[@B14]\] and tACS has not yet been studied. In fact, investigating oscillation-specific effects in children is of special interest, e.g., developing the basis for potential treatment options (tRNS/tACS) with a promising safety profile in a vulnerable young population. Therefore, we investigated tRNS and tACS with frequencies both within and outside the conventional electroencephalography (EEG) frequency range (20 Hz and 140 Hz) in children and adolescents. In adults, stimulation in the beta frequency range (\~13--30 Hz) have been studied extensively; using EEG, they are linked to a variety of cognitive and sensorimotor processes \[[@B15]\]. For example, Pogosyan and colleagues used a stimulation frequency of 20 Hz, a prominent beta band oscillatory frequency found in the motor system, to study the effect of tACS on movement speed \[[@B16]\]. The results show that, while reaction times were not affected, the subject\'s voluntary movements were decreased in velocity. Additionally, more recent studies show that tACS in the ripple range (especially 140 Hz) can modulate cortical excitability \[[@B17], [@B18]\]. tRNS in healthy adults can modulate cortical excitability and improve high-level cognitive functions \[[@B7], [@B19]--[@B21]\].

In this study, we aim to understand the factors determining the efficacy of NTBS and individual differences in response in relation to age. A classical experimental design was chosen in order to compare the results of the current study with previous results obtained in healthy adults \[[@B7], [@B18], [@B22], [@B23]\]. Specifically, the aim of the current study was:. To provide an exploratory investigation of tRNS and 20 Hz as well as 140 Hz tACS in children and adolescents comparing them to adults. The exploratory nature of our analysis is based on the following assumptions: on the one hand, children generally show increased plasticity relative to adults and are thus expected to respond more favourably to noninvasive brain stimulation. However, on the other hand, 1 mA anodal tDCS shows the same excitatory effect both in children and adults \[[@B24]\]. Based on the excitatory nature of 1 mA 140 Hz tACS and tRNS \[[@B7], [@B18], [@B23]\], one could therefore expect excitatory effects for these stimulation types for all ages. Additionally, in the case of tRNS and tACS, not only intensity but also frequency plays a role in how it affects the brain. Therefore, we cannot predict the influence of frequency in the developing brain.

Regarding 20 Hz, previous results are heterogeneous with some studies showing an inhibitory effect in adults (for review, see \[[@B25]\]); therefore, this too is treated as an exploratory hypothesis. (2) In the light of the lack of respective research in pediatrics, we also investigated aspects of tolerability for tACS and tRNS.(3) In our recent study \[[@B22]\], we explored whether neurophysiological response to sham over the motor cortex could influence response to active stimulation. Response to sham was evaluated based on changes in MEPs immediately after sham stimulation compared to baseline MEPs with a Wilcoxon signed-rank test. We found that subjects who responded to sham stimulation turned out to be nonresponders to verum stimulation when applying tRNS and 140 Hz tACS, while nonresponders to sham showed the expected effects to verum stimulation. Based on this role of the individual response to sham in adults, we explored this effect in the pediatric population. We were therefore interested to see whether sensitivity to sham affects response to verum stimulation and whether a possible effect might be more predictive of response than age.

2. Materials and Methods {#sec2}
========================

The study was part of a project investigating different factors which influence variability of tACS and tRNS \[[@B22]\]. Experimental procedures were approved by the local ethics committee of the Kiel University, Kiel, Germany. All participants and their parents were instructed about the study, and written informed consent according to the Declaration of Helsinki on biomedical research involving human subjects was obtained.

2.1. Subjects {#sec2.1}
-------------

We included 15 healthy children and adolescents (8 males) aged 10--16 years (M 13.3; SD 2.1) and 28 healthy young adults (19 males) aged 20--30 years (M 24.4; SD 2.5; for details see [Table 1](#tab1){ref-type="table"}). The adult sample in this study has been included in our previous study \[[@B22]\]. All participants were right-handed according to the Edinburgh Handedness Inventory \[[@B26]\]. Exclusion criteria were pregnancy, history of migraine, unexplained loss of consciousness, or brain related injury, IQ \<90, history or family history of epileptic seizures, history of other neurological, psychiatric or chronical internistic disorders, intake of central nervous system-effective medication, brain- or cardiac-pacemakers, or not removable metal head implants.

2.2. Stimulation Techniques {#sec2.2}
---------------------------

tACS/tRNS was delivered by a DC stimulator (NeuroConn GmbH, Ilmenau, Germany) through a pair of saline-soaked rectangular sponge electrodes (5 × 7 cm). The motor cortex electrode was fixed over the area representing the right first dorsal interosseus (FDI) muscle as identified by TMS. The other electrode was fixed over the contralateral supraorbital area. This electrode setup has been shown to be the optimal combination to enhance excitability of the M1 \[[@B27]\]. The electrodes were held in place by rubber bands. Stimulation was applied at 20, 140 Hz, tRNS, and sham for 10 minutes. Peak-to-peak current intensity was 1 mA (between -0.5 mA and 0.5 mA). Ramping at the beginning and the end of the stimulation was 5 s in all stimulation conditions. In the sham condition, 30 s of tACS was applied.

The waveform of the 20 Hz and 140 Hz stimulation was sinusoidal (no DC offset, no phase shift). For whole spectrum tRNS in the stimulation mode "noise," there was a random level of current generated for every sample (sampling rate 1280 sps). The random numbers were normally distributed; the probability density function followed a bell-shaped curve. In the frequency spectrum, all coefficients had a similar size ("white noise"). The noise signal contained all frequencies up to half of the sampling rate, i.e., a maximum of 640 Hz. Due to the statistical characteristics, the signal had no DC offset.

2.3. Monitoring of Motor Cortical Excitability {#sec2.3}
----------------------------------------------

Stimulus intensities of TMS were measured as percentage of maximal stimulator output (MSO %) and determined at the beginning of each experiment. To detect changes in cortical excitability, MEPs of the right FDI were recorded following a single-pulse TMS of its representation area on M1. A Magstim 200 magnetic stimulator (Magstim Company, Whiteland, Wales, UK) with a figure-of-eight standard double magnetic coil (diameter of one winding 70 mm; peak magnetic field 2.2 T; average inductance 16.35 *μ*H) was used. A surface electromyogram (EMG) was recorded from the right FDI through a pair of Ag-AgCl surface electrodes in a belly tendon montage (Nihon Kohden Europe, Rosbach, Germany). The amplified raw-data was band-pass filtered (2 Hz--2 kHz; sampling rate, 5 kHz) and digitized with a micro 1401 AD converter (Cambridge Electronic Design, Cambridge, UK) controlled by Signal Software (Cambridge electronic Design, version2.13). For offline analysis, data was stored on a computer. Complete relaxation was controlled through visual feedback of EMG activity; in case of tension, the subject was reminded to relax. The eight-curved coil was held tangentially to the skull at 45° from the sagittal-line, which results in a posterior to anterior direction of current flow in the brain. The optimum position was defined as the site where TMS resulted consistently in the largest and most stable MEP in the resting muscle. This spot was marked with a skin marker pencil to ensure that the coil was held in the correct position throughout the experiment.

### 2.3.1. Motor Threshold Determination {#sec2.3.1}

The resting motor threshold (RMT) was determined as the minimum stimulator output needed to produce a response of at least 50 *μ*V in the relaxed FDI in at least 3 of 6 consecutive trials. The active motor threshold (AMT) was defined as the lowest stimulus intensity at which 5 out of 10 consecutive stimuli elicited reliable MEPs (above 200 *μ*V in amplitude) during isometric contraction of the contralateral FDI muscle in at least 3 of 6 recordings \[[@B28], [@B29]\].

### 2.3.2. Single-Pulse MEPs (SI 1 mV) {#sec2.3.2}

The intensity required to evoke a MEP of \~1 mV peak-to-peak amplitude (SI 1 mV) and a baseline of TMS-evoked MEPs (20 stimuli) were recorded at 0.25 Hz.

### 2.3.3. Intracortical Inhibition and Facilitation {#sec2.3.3}

Changes in intracortical excitability were monitored using short-interval intracortical inhibition (SICI) and intracortical facilitation (ICF). A conditioning stimulus (CS, first pulse) was set to 80% of the AMT, while the test pulse (TS, second stimulus) was set to the SI 1 mV threshold. The conditioning stimulus inhibits the MEP amplitude elicited by the test stimulus at short interval (1--5 ms), whereas it facilitates it at longer interval (6--20 ms) \[[@B30], [@B31]\]. In the present study, we measured SICI at 2 ms ISI, because inhibition was reported to be maximal and expressed without contamination by short-interval intracortical facilitation (SICF), ICF, or any refractoriness of neural elements at this interval \[[@B32]--[@B34]\]. For ICF, we chose an ISI of 12 ms, because we expected a maximal increase in MEP amplitude at the median ISI (6--20 ms) known to induce MEP facilitation \[[@B35]\]. We recorded 15 MEPs evoked by the TS and 15 MEPs evoked by the paired pulses (CS + TS) for SICI and ICF, separately.

2.4. Experimental Design and Procedure {#sec2.4}
--------------------------------------

For study design see [Figure 1](#fig1){ref-type="fig"}. A randomized sham-controlled study with a double-blind, within-subject design was implemented conducting all stimulation conditions in each participant. The order of the stimulation conditions (sham, tRNS, 140 Hz tACS, 20 Hz tACS) was counterbalanced across subjects. Sessions were separated by at least 7 days to avoid carry over effects. In each subject, the experimental sessions were performed at the same time during the day.

The subjects were seated in a comfortable chair with head and arm rests. First, the hotspot (the coil position that produced the largest MEPs of the right FDI) was identified by TMS. Then, the stimulation intensity was adjusted to elicit single-pulse MEPs with peak-to-peak amplitudes of an average of 1 mV and 20 MEPs were recorded prior to stimulation. After determination of SI 1 mV, RMT and AMT were obtained. After measuring AMT, a 15 minutes break followed to avoid an effect of muscle contraction on the next measurements. After this break, SICI/ICF were measured.

Afterwards, 1 mA stimulation (sham, tRNS, 140 Hz tACS, 20 Hz tACS) was administered over 10 minutes. Following stimulation, 20 single test-pulse MEPs, followed by SICI and ICF in counterbalanced order were recorded at intervals of directly after (T0), 30 min (T30) and 60 min (T60) post stimulation. For SI 1 mV, TMS intensity was kept constant for the poststimulation assessment; for the SICI/ICF, TMS intensity was readjusted to obtain single test pulse amplitudes of 1 mV, if needed.

After finishing each experimental session, the participant was asked to complete a stimulation side effects questionnaire adapted from \[[@B36]\]. The questionnaire contains items pertaining to the presence and severity of headaches, change or difficulties in concentration, mood, visual perception, presence of fatigue, and discomforting sensations like pain, tingling, itching, or burning.

Subjects as well as the investigator, who made the MEP measurements, were blinded for stimulation conditions in all studies. The stimulations were done by another investigator.

2.5. Data Analysis and Statistics {#sec2.5}
---------------------------------

### 2.5.1. MEP Analysis {#sec2.5.1}

Data analysis was completed manually by visual inspection of offline EMG data. Traces showing any muscle activity prior to the stimulus were removed from the analysis as well as MEPs with a distance of two standard deviations or more to the individual mean.

The MEP means of the participants for the SI 1 mV and the means for each interstimulus interval in SICI (2 ms) and ICF (12 ms) were calculated for the adults and children group before and after stimulation. Poststimulation means of the SI 1 mV threshold were standardized to the prestimulation mean, whereas the mean of the paired stimulation protocols (SICI and ICF) were normalized to the respective single-pulse test condition.

### 2.5.2. Statistical Comparisons {#sec2.5.2}

All statistical analyses were conducted using the computing environment R (version 3.6.1, R Core Team (2016) R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria. URL <https://www.R-project.org/>). Throughout all analyses, results were regarded as statistically significant with a two-tailed *p* value of less than 0.05.

Stimulus intensities, baseline MEPs, RMT, and AMT were compared between age groups (children/adolescents, adults) using Wilcoxon signed-rank tests for matched samples, because of failed normal distribution. Furthermore, these baseline values were compared within the children/adolescents and the adults group using the Friedman rank sum test, to exclude baseline differences between the different stimulation conditions.

MEPs for single-pulse (SI 1 mV) and paired-pulse TMS (SICI and ICF) were analyzed separately using linear mixed-effects models. Homogeneity of variances was inspected using Levene\'s test. SI 1 mV, SICI, and ICF MEPs were log transformed to achieve normal distribution. In all models, we included the maximum number of random effects that allowed the model to converge. Each model included the fixed factors stimulation (sham, tRNS, 140 Hz tACS, 20 Hz tACS), time (T0, T30, T60), age group (children/adolescents, adults), and all corresponding interactions, as well as a random intercept for each participant as random factor.

Differences between baseline and poststimulation (T0, T30, T60) SI 1 mV in each age group were investigated using paired-samples *t*-tests or, in case of failed normal distribution, Wilcoxon signed-rank tests for matched samples with Bonferroni-Holm correction.

In addition, according to our analyses described in Kortuem et al. (2019) \[[@B22]\], the effect of corticospinal activity during sham stimulation on the individual response to tRNS and tACS was investigated. Therefore, response to sham was taken into consideration according to the previously published procedure. Response to sham was evaluated for each individual based on change in MEP amplitudes directly after stimulation (T0) compared to baseline MEP with a Wilcoxon signed-rank test for matched samples. Based on the result of this test, subjects were categorized as either "responder" or "nonresponder" to sham stimulation. Age and baseline parameters of TMS were compared between and within these groups using Wilcoxon signed-rank tests and Friedman tests as described above. To assess whether responders and nonresponders to sham were affected differently by tACS or tRNS, linear mixed models on log-transformed MEPs for single-pulse (SI 1 mV) and paired-pulse TMS (SICI and ICF) were computed for both subgroups. The models contained the fixed factors stimulation (sham, tRNS, 140 Hz tACS, 20 Hz tACS) and time (T0, T30, T60) as well as a random intercept for each participant as random factor. Because of our restricted sample size (see [Table 1](#tab1){ref-type="table"}), we did not include age as an additional factor. Also, differences between baseline and poststimulation (T0, T30, T60) SI 1 mV were investigated for both subgroups using paired-samples *t*-tests or, in case of failed normal distribution, Wilcoxon signed-rank tests for matched samples with Bonferroni-Holm correction.

For all models, degrees of freedom were approximated using the Kenward-Rogers method, analogous to repeated measures ANOVAs \[[@B37]\]. In case of significant *F* values, posthoc tests comparing verum and sham stimulation were performed using the Tukey method.

### 2.5.3. Adverse Events Questionnaire {#sec2.5.3}

The incidence of each side effect was coded in a binary system (yes = 1, no = 0). The severity of each side effect was rated on a numerical analogue scale (NAS) from one to five, one being very mild and five being an extremely high intensity of any given side-effect. Incidence and intensity of adverse effects were compared between age groups using Mann--Whitney *U* test. Furthermore, the number of adverse effects were compared between stimulation conditions using Cochran\'s *Q* test and McNemar\'s test; intensity was compared using the Friedman test and Wilcoxon signed-rank test.

3. Results {#sec3}
==========

3.1. Analyses on Age Groups {#sec3.1}
---------------------------

There was a significant difference in the MSO % needed to elicit a 1 mV peak-to-peak MEP amplitude for children/adolescents compared to adults, with higher intensities for children/adolescents than for adults (*z* = 3.98, *p* \< 0.001). Furthermore, children/adolescents had significantly higher RMT and AMT compared to adults (RMT: *z* = 5.85, *p* \< 0.001; AMT: *z* = 4.29, *p* \< 0.001). Baseline MEPs did not differ between both groups (*z* = −0.31, *p* = 0.763). Within the groups, these baseline TMS values (stimulus intensities, baseline MEPs, RMT, and AMT) did not differ between the different stimulation conditions. For details, see [Table 1](#tab1){ref-type="table"}.

### 3.1.1. Single-Pulse MEPs (SI 1 mV) {#sec3.1.1}

The linear mixed model for the SI 1 mV MEP amplitudes revealed a significant main effect of stimulation (*p* \< 0.001) and a trend for time (*p* = 0.073; see [Table 2](#tab2){ref-type="table"}).

The main effect of age group as well as all interactions were nonsignificant (all *p* \> 0.05). Our post hoc tests for the factor stimulation showed significant higher SI 1 mV MEP amplitudes following 140 Hz stimulation compared to sham stimulation (*t* (451) = −2.64, *p* = 0.025, see [Figure 2(a)](#fig2){ref-type="fig"}). The SI 1 mV MEP amplitudes did not differ between age groups following stimulation for any of the stimulation conditions (all *p* \> 0.05; see [Figure 2(b)](#fig2){ref-type="fig"}).

Our investigations on differences between baseline and poststimulation SI 1 mV amplitudes showed significant results only for the adult group. Here, amplitudes were significantly increased 0 minutes (*t* (27) = 2.47, *p* = 0.039) and 60 minutes (*t* (27) = 2.68, *p* = 0.037) compared to baseline values following 140 Hz tACS.

### 3.1.2. Intracortical Inhibition and Facilitation {#sec3.1.2}

The mixed models for SICI and ICF MEP amplitudes showed no significant effect of stimulation, time, age group, or any interaction (all *p* \> 0.05).

3.2. Side-Effects and Sensations {#sec3.2}
--------------------------------

[Table 3](#tab3){ref-type="table"} displays the frequency and intensity of side effects for children/adolescents and adults. Incidence and intensity did not differ between age groups for any side effect. Comparisons between stimulation conditions were significant only for the adverse effects flickering, tingling, and unpleasantness. Pairwise comparisons to sham stimulation showed increased incidence (*p* \< 0.001) and intensity (*z* = −3.71, *p* \< 0.001) of flickering for 20 Hz tACS and decreased incidence of flickering for tRNS (*p* = 0.016). Incidence but not intensity of unpleasantness was increased for 20 Hz tACS compared sham stimulation (*p* = 0.031).

3.3. Analyses on Response to Sham Groups {#sec3.3}
----------------------------------------

[Figure 3(a)](#fig3){ref-type="fig"} shows the individual response to sham for all 43 participants and mean SI 1 mV MEPs for the children/adolescents and adults group. Our analyses classified 22 participants as nonresponders to sham and 21 participants as responders to sham. Age and baseline parameters of TMS did not differ between nonresponders and responders to sham and within each group for the different stimulation conditions (all *p* \> 0.05). For details see [Table 1](#tab1){ref-type="table"}.

### 3.3.1. Single-Pulse MEPs (SI 1 mV) for Nonresponders to Sham Stimulation {#sec3.3.1}

For nonresponders to sham, our linear mixed model for the SI 1 mV MEP amplitudes revealed a significant effect of stimulation (*p* \< 0.001) and time (*p* = 0.044; see [Table 2](#tab2){ref-type="table"}). Post hoc tests investigating the stimulation factor showed significant higher SI 1 mV amplitudes following 140 Hz tACS compared to sham stimulation (*t* (231) = −2.91, *p* = 0.012). Also, we found higher amplitudes following tRNS compared to sham stimulation (*t* (231) = −2.447, *p* = 0.016). Additionally, amplitudes were significantly lower following 20 Hz tACS compared to sham stimulation (*t* (231) = 2.66, *p* = 0.016, see [Figure 3(b)](#fig3){ref-type="fig"}).

We also conducted post hoc tests investigating the main effect of the factor time. These tests revealed that SI 1 mV amplitudes were generally lower at 0 minutes poststimulation compared to 60 minutes poststimulation (*t* (231) = −2.51, *p* = 0.034).

Our pairwise comparisons on baseline to poststimulation changes in SI 1 mV amplitudes showed increased amplitudes 0 (*z* = 2.46, *p* = 0.018), 30 (*z* = 2.59, *p* = 0.018) and 60 (*z* = 2.98, *p* = 0.008) minutes following 140 Hz tACS. Amplitudes were also increased 30 (*z* = 2.66, *p* = 0.015) and 60 (*z* = 3.27, *p* = 0.003) minutes following tRNS (see [Figure 3(c)](#fig3){ref-type="fig"}).

### 3.3.2. Intracortical Inhibition and Facilitation for Nonresponders to Sham Stimulation {#sec3.3.2}

Our investigations on SICI and ICF did not show any significant effect for the stimulation or time factor or for the stimulation × time interaction for nonresponders to sham (all *p* \> 0.05).

### 3.3.3. Single-Pulse MEPs (SI 1 mV) for Responders to Sham Stimulation {#sec3.3.3}

Our mixed model for responders to sham investigating the SI 1 mV amplitude did not reveal a significant main effect for stimulation, time, or for the stimulation × time interaction (all *p* \> 0.05; see [Table 2](#tab2){ref-type="table"}). The pairwise comparisons on baseline to poststimulation changes in SI 1 mV amplitudes revealed no significant results.

### 3.3.4. Intracortical Inhibition and Facilitation for Responders to Sham {#sec3.3.4}

Our mixed models for SICI and ICF MEP amplitudes did not show any significant effects or interactions for responders to sham (all *p* \> 0.05).

4. Discussion {#sec4}
=============

The current study aimed at investigating age as well as response to sham stimulation as factors potentially determining the efficacy of tACS and tRNS on motor cortex excitability. We found an effect of verum stimulation that was not influenced by age but by response to sham. Specifically, we observed an excitatory effect of 140 Hz tACS for all participants compared to sham, while tRNS and 20 Hz tACS did not influence corticospinal excitability; yet, these effects did not differ between children/adolescents and adults. Importantly, all types of stimulation were well tolerated by children/adolescents and adults with only minor side effects.

The exploratory analysis of response to sham as a predictor of reponse to verum stimulation showed that only in nonresponders to sham, 140 Hz tACS and tRNS increase and 20 Hz tACS decreases excitability, while responders to sham showed no effect to verum stimulation. For both factors, the effects were limited to single-pulse TMS. For SICI and ICF no effects were observed.

4.1. Effect of Age {#sec4.1}
------------------

To the best of our knowledge, no previous study has explored tACS and tRNS effects on motor cortex excitability in a pediatric population. Existing knowledge from adult populations cannot simply be transferred to children, as the child\'s brain is still developing. For tDCS, it has been demonstrated that the age of subjects and the developmental stage of the brain may affect the efficacy of stimulation and even inverse stimulation effects \[[@B24]\]. In our study, we did not observe differences in stimulation effects between children/adolescents and adults for any of the stimulation conditions. This may have several reasons discussed below.

As expected, 140 Hz tACS led to increased motor cortex excitability with no difference between age groups. This effect is due to the excitatory nature of 1 mA 140 Hz tACS. For anodal tDCS, it has already been shown that excitatory effects occur in the same way in children and adults \[[@B24]\]. The current results are also in line with previous studies showing excitatory effects on motor cortex excitability for frequencies ≥140 Hz \[[@B38]\]. This effect might be based on short-term synaptic plasticity induced by stimulation \[[@B19], [@B39]\]. Moliadze et al. (2010) reported increased MEP up to one hour following 1 mA 140 Hz tACS and decreased (SICI), an electrophysiological marker of GABA~A~ receptor-mediated inhibition \[[@B18]\]. Beneficial effects of 140 Hz tACS have also been demonstrated for memory consolidation \[[@B17]\].

Similarly, our hypothesis that children/adolescents react to the full spectrum tRNS due to increased neuronal plasticity has been confirmed by our results. Previous studies in adults report increased excitability following high-frequency tRNS \[[@B7], [@B38]\], showing that the excitatory effect of tRNS derives from higher frequencies (\<100 Hz). Different mechanisms have been discussed as explanation for this effect, including stochastic resonance \[[@B40]\] or repetitive opening of Na+ channels \[[@B7], [@B41]\]. Our results suggest that in both adults and children/adolescents the full spectrum tRNS is not able to influence excitability. However, it is possible that the sample size is simply too small to detect a small-moderate effect of tRNS. The lack of an effect of tRNS in the children/adolescents groups could be due to the comparatively high age of the participants (10-16 years), as an improvement in performance and learning by full-spectrum tRNS was demonstrated for younger children (8.5-10.9 years) \[[@B14]\]. At the same time, no effect of high-frequency tRNS on phoneme processing was observed in children aged 10-16 years \[[@B42]\]. Therefore, based on our current results and those in adults, future studies could investigate whether high-frequency tRNS can lead to excitatory effects in children.

Since beta activity in motor cortical areas is associated with suppression of prepared movements in go-nogo tasks \[[@B43], [@B44]\], it can be assumed that tACS at 20 Hz would enhance automatic inhibition and therefore decrease motor cortex excitability. However, previous studies report heterogeneous results for 20 Hz tACS applied over the motor cortex area. Our results are in line with several other studies that did not find stimulation effects on motor cortex excitability \[[@B45], [@B46]\], while Cappon et al. (2016) demonstrated inhibitory effects following 20 Hz stimulation \[[@B47]\]. Unlike Cappon (2016), we did not use a task during stimulation; this activation during stimulation might influence the effects of tACS, since previous studies showed state-dependent effects of tACS \[[@B48], [@B49]\]. Importantly, no difference between children/adolescents and adults was observed in our study. Additional factors may influence the effect of 20 Hz tACS, such as intensity, phase and duration of stimulation, electrode montage, and activation during stimulation. For example, a recent meta-analysis on the effects of beta tACS showed that only intensities above 1 mA are able to introduce excitatory effects on MCE \[[@B25]\].

Our study is in accordance with earlier studies which show that motor thresholds are higher in children and adolescents compared to adults \[[@B24], [@B50], [@B51]\]. Corticospinal tract maturation is a complex process affected by dynamic factors such as synaptic pruning and development, myelination, changes in axonal diameter and length, and organization of pyramidal neuron firing patterns \[[@B52]--[@B56]\]. All these factors may also play a role in MEP threshold development. The maturation of the representation of the FDI in the dominant motor cortex is not complete at puberty \[[@B57]\].

4.2. Safety and Tolerability {#sec4.2}
----------------------------

Extreme diligence is required while carrying out NTBS studies in children, as there are few publications, and in case of tACS even no prior experience, concerning the (side) effects of stimulation in this age group. Therefore, the present study is not only relevant with regard to the effects of stimulation on MCE but also concerning the safety and tolerability of stimulation. For tDCS, it has already been shown that this technique is well tolerated by children \[[@B58]\]. Studies conducted in minors did not report considerable side effects, except itching and tingling skin sensations and transient redness of the skin under the electrodes \[[@B59]--[@B62]\]. Nevertheless, it should be noted that the use of NTBS in children is a relatively young field of research. One of our previous studies has shown that especially in children and adolescents a more thorough screening for a possible epileptic pathology is necessary \[[@B63]\].

The present study indicates that tACS and tRNS are well tolerated in children and adolescents. The reported side effects were of low to moderate intensity. In addition, there were no differences in the frequency and intensity of reported adverse events between children and adults.

4.3. Effect of Response to Sham Stimulation {#sec4.3}
-------------------------------------------

Our results show different effects depending on the individual response to sham stimulation. Nonresponders to sham showed excitatory effects after 140 Hz and tRNS, as well as inhibitory effects after 20 Hz stimulation. Still, it should be emphasized that the inhibitory effect of 20 Hz tACS has only been demonstrated in comparison to sham, but not for the baseline to poststimulation comparison. The effect has thus not been fully confirmed for all frequencies of stimulation. In contrast, responders to sham showed no stimulation effects. Recently, we demonstrated the influence of response to sham in an adult subgroup for tRNS and 140 Hz stimulation and discussed several possible explanations \[[@B22]\]. Though we were not able to investigate the influence of response to sham in adults versus children/adolescents due to our small sample size for children/adolescents, the effects are robust in the extended sample of adults and children/adolescents combined.

The dependency of stimulation effects on the response to sham might be based on metaplasticity. Neurons are known to be able to change their activity via synaptic plasticity in the form of long-term potentiation (LTP) or depression (LTD) \[[@B64]\]. The basic idea of metaplasticity is that the threshold for activity-dependent synaptic plasticity is not static but dynamic, and it is also a function of the integrated prior activity of the postsynaptic neuron. It refers to synaptic or cellular activity that primes the ability to induce subsequent synaptic plasticity, such as LTP or LTD (for review, see \[[@B65], [@B66]\]).

However, in our study, we did not measure task-evoked state dependency but rather physiological state dependency. Some current papers and reviews refer to this as "baseline activity;" interchangeably, it is also called "individual physiological brain state" (for a review, see \[[@B67]\]). Therefore, individual physiological state dependency might have contributed to the different outcomes in responders and nonresponders to sham \[[@B67], [@B68]\]. Following this idea, the interindividual state of neural activity influences the outcome of stimulation \[[@B69]\].

As we discussed previously \[[@B22]\], our results could further support the Bienenstock--Cooper--Munro (BCM) theory \[[@B70]\], which claims that high levels of prior activity favor the induction of LTD, while low levels of prior activity favor LTP \[[@B65], [@B71]--[@B73]\]. However, it should be noted that based on the design of our study the stability of a physiological state as assumed for the BCM theory may not be applicable to our results, given that sham stimulation was only performed once with a gap of least a 7-days to verum stimulation. The BCM theory also does not explain why SICI and ICF were unaffected in our study. If prior neural activity affected LTP/LTD, it would stand to reason that either SICI or ICF measures would be similarly altered (e.g., \[[@B74]\]).

The relationship between SICI and CS intensity is nonlinear and varies between individuals \[[@B31], [@B75]\]; therefore, using a single CS intensity may contribute to the variability of the outcome. Later studies with threshold-tracking, parameters obtained from the SICI recruitment curve showed better reproducibility \[[@B76]\].

In our study, TMS was delivered at 0.25 Hz. It could be suggested that the TMS with low frequencies may be needed to prevent neuromodulatory effects \[[@B77]\]. For example, Manganotti et al. (2012) shown that single, paired, and transcallosal TMS applied on the sensorimotor areas induced rapid desynchronization over the frontal and central-parietal electrodes mainly in the alpha and beta bands \[[@B78]\]. However, given the low number of stimuli used in the present study, this is unlikely to alter cortical excitability and result in inhibitory effects.

5. Limitations {#sec5}
==============

This study is characterized by some limitations. Due to the small sample size, results for tRNS in our study may be vulnerable to overlooking effects (type II statistical error). Therefore, specifically for these null-results, additional studies with larger sample sizes are needed.

Another limiting factor of our study is that we were not able to investigate the effect of response to sham in adults versus children/adolescents. This was due to the comparatively small sample of children and adolescents, which did not allow us to perform a comparison within that group. Therefore, it remains unclear whether there is an interaction between age and response to sham.

In addition, our study investigated only one stimulation intensity. It is conceivable that the stimulation effects vary depending on the intensity and that these intensity effects may also interact with the age of the subjects, as it has been shown for tDCS \[[@B24], [@B79]\]. However, the aim of the present study was rather to investigate different stimulation conditions and frequencies to lay the foundation for future tACS and tRNS studies in children, especially with regard to safety and tolerability.

Furthermore, the use of neuro-navigation would have been beneficial in order to objectively monitor the coil position and reduce possible distortions caused by the examiner.

6. Conclusion {#sec6}
=============

The present study is intended to serve as a basis for further studies investigating tACS and tRNS in the pediatric population as there are currently only few studies. Our results suggest that tACS and tRNS are well-tolerated children and adolescents and no serious adverse events occurred; the evaluation of safety will require longer-lasting investigations. While 140 Hz tACS facilitated excitability, full-spectrum tRNS and 20 Hz tACS did not influence MCE. Interestingly, the effects of stimulation were not modulated by age. At the same time, our study suggests, that the net corticospinal excitability modulation induced during tRNS and 140 Hz and 20 Hz tACS critically depends on the individual sensitivity to sham stimulation. Therefore, it is worth considering the individual response to sham stimulation as a marker for the physiological brain state and an opportunity to understand the variability in the interindividual response to verum stimulation.
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![Design of the study. The figure illustrates the procedure for each experimental session. In the beginning of each session, 20 baseline single-pulse MEPs of SI 1 mV amplitude, RMT, AMT, and SICI/ICF were recorded. Afterwards, 1 mA tRNS, 20 Hz tACS, 140 Hz tACS, or sham stimulation was applied over the left primary motor cortex for 10 minutes, and then the SI 1 mV, SICI/ICF were recorded again directly as well as 30 and 60 minutes after stimulation (T0-T60). After finishing each experimental session, the participant was asked to complete a stimulation side effects questionnaire.](NP2020-8896423.001){#fig1}

![Analyses on age groups. The main effect of age group as well as all interactions were nonsignificant (all *p* \> .05). An asterisk indicates *p* \< 0.05. (a) Mean SI 1 mV MEP amplitudes (± SEM) of stimulation conditions. The *y*-axis depicts normalized and log-transformed MEP amplitudes. The linear mixed model for the SI 1 mV MEP amplitudes revealed a significant main effect of stimulation (*p* \< 0.001). The post hoc tests for all 43 participants showed significant higher amplitudes following 140 Hz stimulation compared to sham stimulation. (b) Mean SI 1 mV MEP amplitudes (± SEM) of stimulation conditions in the children/adolescents and adults group. The *y*-axis depicts normalized MEP amplitudes. The SI 1 mV MEP amplitudes did not differ between age groups for any of the stimulation conditions (all *p* \> 0.05). (c) Time course of mean SI 1 mV MEP amplitudes (± SEM) for each age group and each stimulation. The *x*-axis depicts the timepoints before and after stimulation. The *y*-axis displays normalized MEP amplitudes.](NP2020-8896423.002){#fig2}

![Analyses on response to sham groups: For nonresponders to sham, the linear mixed model for the SI 1 mV MEP amplitudes revealed a significant effect of stimulation and time. An asterisk indicates *p* \< 0.05. (a) The individual response to sham for all 43 participants and mean SI 1 mV MEPs for the children/adolescents and adults group. (b) Mean SI 1 mV MEP amplitudes (± SEM) of stimulation conditions. The *y*-axis depicts normalized and log-transformed MEP amplitudes. For nonresponders, post hoc tests showed significant higher SI 1 mV amplitudes following 140 Hz tACS compared to sham stimulation. Also, we found significant lower amplitudes following 20 Hz tACS compared to sham stimulation. (c) Time course of mean SI 1 mV MEP amplitudes (± SEM) for each response group and each stimulation. The *x*-axis depicts the timepoints before and after stimulation. The *y*-axis displays normalized MEP amplitudes. We found increase amplitudes 0, 30, and 60 minutes following 140 Hz tACS, as well as 30 and 60 minutes following tRNS. The inhibitory effect of 20 Hz tACS has only been demonstrated in comparison to sham, but not for the baseline poststimulation comparison.](NP2020-8896423.003){#fig3}

###### 

Subject characteristics and threshold before stimulation for age groups (children/adolescents, adults) and response to sham groups (responder to sham, nonresponder to sham). Data are presented in means ± SD.

  ------------------------- ----- -------- ---------------------------- ------------------ -------------- -------------- ------------------------
  Age groups                *n*   Sex      Age ± SD                     SI~1mV~ (%) ± SD   RMT (%) ± SD   AMT (%) ± SD   Baseline MEP (mV) ± SD
  Children/adolescents      15    8M/7F    13.3 ± 2.1                                                                    
  Sham                                                                  61.7 ± 10.5        52.8 ± 4.9     44.8 ± 8.7     0.98 ± 0.18
  tRNS                                                                  64.1 ± 10.6        54.7 ± 6.5     46.2 ± 8.4     0.94 ± 0.19
  140 Hz tACS                                                           62.9 ± 10.6        52.8 ± 6.6     45.1 ± 8.2     0.93 ± 0.16
  20 Hz tACS                                                            63.2 ± 10.8        54.5 ± 6.1     46.6 ± 8.9     0.99 ± 0.18
  Adults                    28    19M/9F   24.4 ± 2.5                                                                    
  Sham                                                                  56.2 ± 10.1        48.5 ± 8.2     40.8 ± 8.1     0.96 ± 0.08
  tRNS                                                                  56.7 ± 10.8        48.8 ± 9.1     40.9 ± 8.7     0.96 ± 0.09
  140 Hz tACS                                                           55.5 ± 10.3        47.4 ± 8.6     39.1 ± 8.1     0.98 ± 0.09
  20 Hz tACS                                                            55.5 ± 10.8        47.9 ± 8.9     40.2 ± 7.6     0.98 ± 0.09
  Response to sham groups   *n*   Sex      Age ± SD (adults/children)   SI~1mV~ (%) ± SD   RMT (%) ± SD   AMT (%) ± SD   Baseline MEP (mV) ± SD
  Responder to sham         21    13M/8F   20.9 ± 4.7 (16/5)                                                             
  Sham                                                                  58.8 ± 8.5         50.4 ± 6.8     43.1 ± 7.4     0.97 ± 0.11
  tRNS                                                                  58.3 ± 10.5        49.3 ± 8.1     42.8 ± 8.5     0.94 ± 0.14
  140 Hz tACS                                                           57.3 ± 8.7         48.1 ± 6.3     41.1 ± 6.7     0.98 ± 0.09
  20 Hz tACS                                                            57.9 ± 7.9         49.1 ± 6.5     42.3 ± 6.6     0.94 ± 0.11
  Nonresponder to sham      22    14M/8F   20.1 ± 6.9 (12/10)                                                            
  Sham                                                                  57.5 ± 12.2        48.4 ± 8.7     41.3 ± 9.4     0.96 ± 0.14
  tRNS                                                                  60.2 ± 12.1        51.3 ± 9.7     42.7 ± 9.5     0.97 ± 0.11
  140 Hz tACS                                                           58.9 ± 12.8        49.3 ± 10.6    41.3 ± 10.2    0.96 ± 0.15
  20 Hz tACS                                                            58.4 ± 14.1        49.8 ± 10.9    42.5 ± 10.3    1.03 ± 0.14
  ------------------------- ----- -------- ---------------------------- ------------------ -------------- -------------- ------------------------

SD: standard deviation; F: female; M: male; SI: stimulus intensity; RMT: resting motor threshold; AMT: active motor threshold; MEP: motor evoked potential.

###### 

The results of linear mixed models (LMM) performed on SI 1 mV, SICI, and ICF for all participants, nonresponder and responder to sham.

  -------------------------------- ---------------- ------------------ ----------- --------------
                                   Numerator *df*   Denominator *df*   *F* value   *p* value
  SI 1 mV                                                                          
  Stimulation                      3                451                6.69        **\<0.001**
  Time                             2                451                2.62        0.073
  Age group                        1                41                 0.57        0.451
  Stimulation × age group          3                451                0.31        0.816
  Time × age group                 2                451                0.34        0.705
  Stimulation × time               6                451                1.01        0.423
  Stimulation × time × age group   6                451                0.59        0.736
  SICI                                                                             
  Stimulation                      3                448                0.31        0.816
  Time                             2                448                0.11        0.897
  Age group                        1                41                 1.84        0.182
  Stimulation × age group          3                448                0.82        0.486
  Time × age group                 2                448                1.19        0.304
  Stimulation × time               6                448                0.36        0.901
  Stimulation × time × age group   6                448                1.63        0.135
  ICF                                                                              
  Stimulation                      3                448                0.19        0.901
  Time                             2                448                0.85        0.425
  Age group                        1                41                 0.64        0.426
  Stimulation × age group          3                448                0.28        0.839
  Time × age group                 2                448                0.67        0.509
  Stimulation × time               6                448                0.28        0.839
  Stimulation × time × age group   6                448                1.15        0.328
  Nonresponder to sham             Numerator *df*   Denominator *df*   *F* value   *p* value
  SI 1 mv                                                                          
  Stimulation                      3                231                13.14       **\< 0.001**
  Time                             2                231                3.16        **0.044**
  Stimulation × time               6                231                0.51        0.803
  SICI                                                                             
  Stimulation                      3                228                0.71        0.546
  Time                             2                228                1.91        0.149
  Stimulation × time               6                228                0.67        0.672
  ICF                                                                              
  Stimulation                      3                228                1.29        0.277
  Time                             2                228                0.31        0.729
  Stimulation × time               6                228                0.85        0.531
  *Responder to sham*              Numerator *df*   Denominator *df*   *F* value   *p* value
  *SI 1 mv*                                                                        
  Stimulation                      3                231                0.76        0.513
  Time                             2                231                0.27        0.764
  Stimulation × time               6                231                1.02        0.411
  SICI                                                                             
  Stimulation                      3                220                0.95        0.414
  Time                             2                220                1.48        0.229
  Stimulation × time               6                220                0.09        0.997
  ICF                                                                              
  Stimulation                      3                220                0.12        0.942
  Time                             2                220                0.51        0.601
  Stimulation × time               6                220                1.17        0.319
  -------------------------------- ---------------- ------------------ ----------- --------------

###### 

Side-effects and sensations. Incidence (sum) and intensity (scale 1-4, Ø) of side effects for the different stimulation conditions in the children/adolescents and adult subgroups.

                                  Incidence   Intensity                              
  ------------------------------- ----------- ----------- --- ---- ----- ----- ----- -----
  Children/adolescents                                                               
  Burning                         1           0           0   0    2     ---   ---   ---
  Difficulties in concentration   1           1           1   1    3     ---   3     1
  Fatigue                         2           0           4   2    2.5   1     2.5   1
  Flickering                      2           2           0   6    1.5   ---   ---   2.5
  Headache                        0           1           0   0    ---   1     ---   ---
  Itching                         1           0           1   2    1     1     1     1.5
  Nervousness                     0           0           0   1    ---   ---   ---   1
  Pain                            1           2           0   1    2     ---   ---   2
  Tingling                        1           0           1   3    1     1     1     1.7
  Unpleasantness                  1           2           0   3    2     ---   ---   1
  Adults                                                                             
  Burning                         2           1           2   2    1.5   1     1     1.5
  Difficulties in concentration   0           2           0   1    ---   1.5   ---   2
  Fatigue                         7           10          7   6    2.4   1.5   1.6   1.8
  Flickering                      6           2           1   16   1.5   2     2     2.1
  Headache                        1           1           0   0    1     1     ---   ---
  Itching                         1           0           3   4    2     ---   1.7   1.3
  Nervousness                     1           2           1   3    2     1.5   1     1
  Pain                            2           3           0   3    1.5   1     ---   1.7
  Tingling                        5           1           2   8    1.2   2     2     1.5
  Unpleasantness                  1           2           1   5    1     1.5   1     1.2
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